Summary. The secretion of progesterone and 20\g=a\-hydroxypregn-4-en-3-one ( 20\ g=a\ \ x=r eq-\ dihydroprogesterone) by granulosa cells from 30-day-old 
Introduction
The gonadotrophic control of ovarian steroidogenesis is a complex process involving the regulation of steroidogenic enzyme activities as well as steroid precursor availability (Marsh, 1976) . Whereas FSH is known to increase the activities of a number of key steroidogenic enzymes in granulosa cells (Hsueh et al, 1984) , how the gonadotrophin influences substrate availability at the enzymic sites is unclear. The production of steroid is believed to involve considerable movement of substrate and intermediates from one intracellular locale to another. While cholesterol, normally stored as esters in lipid droplets, is transported to and taken up by the mitochondria for the synthesis of pregnenolone, further metabolism to progesterone and 20a-hydroxy-pregn-4-en-3-one (20a-dihydroprogesterone) by 3ß -hydroxysteroid dehydrogenase and 20a -hydroxysteroid dehydrogenase, respectively, requires the translocation of the pregnenolone to smooth endoplasmic reticulum where the enzymes are situated (Marsh, 1976; Hsueh et al, 1984) . Previous studies from our laboratory have demonstrated that granulosa cells cultured in the presence of FSH, cyclic AMP, a calcium ionophore, cytoskeletonperturbing agents or a supporting collagen matrix retained a primarily spherical configuration with minimal cytoplasmic spreading and secreted significantly more progesterone than did control cells Tsang, unpublished data) . It was also noted that depolymerization of microtubules or microfilaments with colchicine or cytochalasin B, respectively, increased basal progesterone and 20a-dihydroprogesterone production . Since the cytoskeleton is believed to be important for the development and maintenance of cell shape as well as the control of the intracellular distribution and/or movement of various organelles, secretory proteins and hormones (Buckley & Porter, 1967; Olmsted & Borisy, 1973; Snyder & Mclntosh, 1976) , it has been suggested that, in cultured granulosa cells stimulated by FSH, mitochondrial uptake of cholesterol is enhanced due to a closer association between these organelles and lipid droplets, facilitated in part by cytoskeleton-mediated rounding of the cells .
In the present study we have further examined the relationship between microfilaments and steroidogenesis by investigating the influence of cytochalasin on basal and FSH-stimulated granulosa cell production of progesterone and 20a-dihydroprogesterone in vitro and the effects of these agents on cellular morphology and microfilament distribution.
Materials and Methods
Ovarian follicular development was initiated in immature Sprague-Dawley rats with an intraperitoneal injection of 4 i.u. PMSG (Equinex: Ayerst Labs, Montreal, Quebec) on the morning of Day 28 + 1. Most follicles had reached the antral stage of development when the ovaries were removed 48 h later. Granulosa cells, released into Eagle's Minimal Essential Medium (MEM; GIBCO Laboratories, Mississauga, Ontario) by follicle puncture, were collected by centrifugation, as described previously (Tsang & Carnegie, 1983) . Removal of non-viable cells by a sequential trypsin-DNase treatment (Farookhi, 1982) increased the percentage viability of the granulosa cell preparations from an initial value of 20-30% to a final level of 90-95%. Cells were incubated for 0, 3,6, ¡2 and 24 h (on coverslips if to be examined subsequently by microscopy) at 36°C under an atmosphere of 5% C02 and 95% air in 1 ml MEM containing various concentrations of FSH (0-400 ng NIAMDD-oFSH-13/ml) and/or cytochalasin (0-10 µg/ml).
Medium was collected at the end ofthe incubation period for extraction with ether and determination of progesterone and 20a-dihydroprogesterone by specific RIA (Orczyk et al, 1979) . The antiserum for the progesterone assay has previously been characterized (Leung & Armstrong, 1979) . With the exception of 8-7% cross-reactivity with 20ß-hydroxy-pregn-4-en-3-one, the antiserum to 20a-dihydroprogesterone cross-reacts minimally (<0T%) with other progestagens, oestrogens and androgens (Morley et al, 1987) . For both assays, the intra-and interassay coefficients of variation were < 10% and <20%, respectively.
Cells grown on coverslips for subsequent investigations of microfilament organization/distribution and cell shape were prepared according to the following protocols.
Morphometric analysis of cell shape changes. Granulosa cells were fixed overnight at 4°C in 2% glutaraldehyde, washed and stained with haematoxylin and eosin. Changes in various cell shape-related characteristics were quantitated using a previously documented procedure . Briefly, random areas of isolated cells were photographed and the film was projected onto a digitizer pad (Summagraphics Corporation, Fairfield, CT, U.S.A.) to enable individual cell outlines to be traced with a cursor. The measures for which data were collected with the use of an MSA II computer program (Atlantic Scientific Systems Group, Ottawa, Canada) and an Apple II Plus microcomputer were: cell perimeter, the surface area occupied by each cell on the coverslip, and the contour index. Contour index is a sizeindependent measurement of the shape of a profile whereby increases in profile irregularity are represented by higher numerical values (Schrek, 1972) . A cell taking the shape of a perfect circle is associated with a contour index of 3-54.
Microfilament organization!distribution. Microfilament organization/distribution in granulosa cells was examined using 7-nitrobenz-2-oxa-1,3-diazole-phallacidin (NBD-phallacidin) and a modification of the protocol of Barak et al (1980) (Fig. 1) . The concentrations of FSH and cytochalasin which elicited half-maximal stimulation of total progestagen secretion were approximately 45 ng/ml and 0-4 pg/ml, respectively (Fig. 1 ) . By 3 h of incubation (earliest time examined), FSH ( 15 ng/ml) had markedly stimulated progesterone and 20a-dihydroprogesterone secretion by 10-and 6-fold, respectively. However, a significant increase in progestagen secretion by cytochalasin was not noted until 6-12 h of culture (Fig. 2) . Cytochalasin significantly enhanced the submaximal stimulation of both progestagens by FSH (15 ng/ml) in a concentration-dependent manner but was ineffective in the presence of a maximally stimulatory concentration of the gonadotrophin (150 ng/ml). However, with increasing concentrations of cytochalasin the ability of FSH to further stimulate progestagen secretion was markedly reduced (Fig. 3) .
Control cells underwent considerable spreading during 24 h of culture, and staining of the cells with NBD-phallacidin indicated the presence of parallel bundles of microfilaments (stress fibres) close to the plasma membrane and in the narrow cytoplasmic extensions (Fig. 4a) . On the other hand, cells cultured with 10 pg cytochalasin B/ml remained rounded in vitro and, while positive staining for filamentous actin was still observed, it was reduced in extent and confined to small, Incubation time (h) Fig. 2 . Effects of incubation time on progesterone (P), 20a-dihydroprogesterone (20a-OH-P) and total progestagen (P + 20a-OH-P) secretion by granulosa cells in the absence (control) or presence of FSH (15 ng/ml) or cytochalasin (CB; 10 pg/ml). Each point represents the mean ± s.e.m. of 12 cultures (4 experiments). peripheral regions of the granulosa cells (Fig. 4b) . Similarly, culture of cells in the presence of 150 ng FSH/ml was associated with a marked decrease in cellular staining with NBD-phallacidin, although the cells were not as uniformly rounded as those cultured with cytochalasin (Fig. 4c) . In the presence of FSH and cytochalasin B, staining for actin filaments was reduced to such an extent that it was not detectable using this histochemical approach (Fig. 4d) Figure 5 illustrates that the stimulation of progestagen secretion by cytochalasin or FSH was accompanied by a significant and concentration-dependent decrease (P < 0001) in cell shape measures as outlined below. When cytochalasin and FSH were both present in the granulosa cell cultures, the changes in these shape-related values were greater than those noted in the presence of either agent alone (Fig. 5) . However, when granulosa cells were incubated with concentrations of cytochalasin which maximally stimulated basal progestin secretion (10 pg/ml, Fig. lb) , FSH was no longer effective in eliciting a further decrease in the three shape-related values.
The influence of FSH and cytochalasin B, alone or in combination, on the distribution of the granulosa cell population according to cell areas and contour indices is illustrated in Fig. 6 . A mean cell area of 303 ± 15 pm2 for the control group (Fig. 5) represented a broad range of areas with 73% of the granulosa cell population distributed within the range of 135 to 405 pm2 (Fig. 6a) . In the presence of increasing concentrations of FSH or cytochalasin B, the proportion of cells with an area of < 135 pm2 increased markedly. At 150 ng FSH/ml or 10 pg cytochalasin B/ml, over 80% or 90% of the cells were < 90 pm2, respectively. Whereas FSH ( 150 ng/ml) significantly potentiated the submaximal effect of cytochalasin (0-4 pg/ml) on cell area it was ineffective in the presence of 10 pg cytochalasin B/ml (Fig. 6a) .
Likewise, contour indices of the control cells were also variable, with the largest division ( > 20% of the population) observable between 4-7 and 5-0 and with approximately 10% of the cells associated with other unit intervals between 41 and 51 (Fig. 6b) . FSH or cytochalasin elicited a concentration-dependent shift in the cell population such that 64% or 98% of the cells exhibited contour indices between 3-5 and 40 at 150 ng/ml or 10 pg/ml, respectively. Moreover, FSH caused further shifts in contour index distribution of the cell population in the presence of 0-4 but not 10 pg cytochalasin B/ml: at 10 pg/ml, over 90% of the cells had contour indices of <40.
Discussion
In the current investigation, we have found that concentration-dependent inhibition ofmicrofilament polymerization was associated with a corresponding stimulation ofthe secretion ofboth progesterone and 20a-dihydroprogesterone in cultured granulosa cells. While such a stimulatory effect of cyto¬ chalasin has been previously reported , this is the first study in which a time course of the induction of progestagen secretion by this agent and its interaction(s) with FSH in the regulation of granulosa cell steroidogenesis have been examined in vitro. In contrast to the rapid stimulation by FSH, a steroidogenic response of the granulosa cells to the cytoskeletal-perturbing agent was associated with a time lag of 6-12 h. Similarly, a response of ovarian or adrenal cells to the stimulation of steroidogenesis by colchicine, an inhibitor of microtubule polymerization, has been observed during cultures of 6-24 h but not in short-term incubations of less than 4 h (Temple & Wolff, 1973; Ray & Strott, 1978; . Furthermore, the time-dependency of this effect may, at least in part, explain why previous studies using incubations of up to 3 h have reported variable effects of cytochalasins on basal steroidogenesis in ovarian cells (Azhar & Menon, 1981; Gwynne & Condon, 1982; Silavin et al, 1984) . The existence of a time lag also lends support to the concept that microfilament-and microtubule-dependent regulation of granulosa cell steroidogenesis is closely associated with changes in cellular morphology. Although all granulosa cells were rounded in shape at the beginning of the culture period, the cytochalasin B-treated cells remained rounded while the control cells underwent considerable spreading with increasing time in culture. Hence the two treatment groups became increasingly different in terms of both cell shape and the levels of steroid hormone secreted. We have previously suggested that, in granulosa cells in which a rounded cell shape was maintained by the use of microtubule-depolymerizing agents, the stimulation of progestagen production resulted from increased mitochondrial uptake of cholesterol due to a closer association between these organelles and lipid droplets . Further support for this concept comes from our studies in which granulosa cells suspended in collagen matrices remained more rounded and secreted more progesterone than did cells cultured in medium alone . However, the rounded cells cultured in collagen gels were unresponsive to colchicine in terms of progesterone secretion, implying that perturbation of the cytoskeleton increased granulosa cell progestagen production only under those conditions in which the treatment also altered cell shape. Inhibitory effects of cytochalasins on LH-or hCG-stimulated progesterone production during short-term (up to 3 h) incubation of granulosa cells or luteal slices have been reported (Silavin et al, 1980 (Silavin et al, , 1984 Azhar & Menon, 1981; Gwynne & Condon, 1982) . While these results appear to be at variance with those obtained in this study, a comparison of the culture conditions suggests another interpretation. Since cytochalasin did not inhibit gonadotrophin-induced cyclic AMP production (Silavin et al, 1980; Azhar & Menon, 1981) , it did not appear to have influenced hormone-receptor binding or actin-regulated movement of the hormone-receptor complex within the membrane (Geiger, 1985 (Anderson & Batten, 1980) and to influence their subcellular organization (Soto et al, 1986) . The gonadotrophic stimulation of mitochondrial cholesterol uptake is well-established (Marsh, 1976) and may be accomplished in part by bringing mitochondria into closer association with lipid droplets. The present studies suggest that microfilaments are important in the regulation of granulosa cell steroidogenesis by FSH in vitro. The gonadotrophic stimulation of steroidogenesis is accompanied by a loss of these cytoplasmic polymers which may function to increase mitochondrial uptake of cholesterol by interacting with microtubules to bring these organelles into closer proximity with lipid droplets or simply by providing a more pliant cytoplasmic environment favouring organelle redistribution.
